I. INTRODUCTION
Since the first observation of their Lyman series, 1 the bound energy states of neutral acceptors in Ge have been investigated extensively both experimentally and theoretically, with and without external perturbations. [2] [3] [4] Acceptors studied include the group I element Cu; the group II elements Be, Mg, Zn, and Hg; and all the group III elements. 4 The hole bound to a shallow acceptor ion in Ge produces discrete states near the top of either the jϭ3/2 or the j ϭ1/2 valence band. Unlike acceptors in Si, only one series of acceptor absorption lines, the p 3/2 series, has been observed for Ge, although the p 1/2 series is predicted. 5, 6 The p 3/2 series of singly ionized zinc, Zn Ϫ , in Ge, [7] [8] [9] [10] [11] [12] which will be denoted by Ge͑Zn Ϫ ͒, exhibits the characteristics of the neutral acceptors, except that the binding energies of the excited states are ϳ4 times larger. 7, 9, 10 The p 3/2 series occurs in the spectral range 65-85 meV. Ge͑Zn Ϫ ͒ also shows several asymmetric, broad features in the range 100-120 meV. These are Fano 13 resonances arising from interference between the p 3/2 band continuum and states compounded from bound-hole and localized zone-center optical phonon states. 12, 14 The Fano features are represented by (q ϩ) 2 /(1ϩ 2 ), where , the reduced energy variable, 13, 14 when zero, determines the energy of the resonance. The parameter q depends on the states involved in the transition. The larger its magnitude, the more asymmetric the resonance; qϭ0 is a pure antiresonance. Fano resonances have been observed for various dopants in Si and Ge; 15 however, Zn Ϫ is the only known acceptor in Ge, involving bound holes, exhibiting these. 12, 14 In this investigation, a systematic piezospectroscopic study of phonon-assisted Fano resonances of Ge͑Zn Ϫ ͒ has been made. Results for a compressive force F along either ͗111͘ or ͗100͘ are presented. During the investigation of the stress-induced behavior of the Fano resonances, significant new and more precise data were obtained for the p 3/2 states, permitting a detailed description of the complex comprising the C line. These results will also be presented.
The symmetries of the states involved in the p 3/2 series are ⌫ 6 , ⌫ 7 , and ⌫ 8 of T d . 4, 16 Under F ʈ ͗111͘, the two Kramers doublets represented by ⌫ 6 and ⌫ 7 each become ⌫ 4 of C 3v , the new impurity site symmetry, while ⌫ 8 states decompose into two doublets, ⌫ 4 and ⌫ 5 ϩ⌫ 6 (ϵ⌫ 5ϩ6 ) separated in energy by ⌬ 111 Ј ϭ(dЈ/))s 44 S. Here dЈ is a deformation constant, 8 s 44 is an elastic compliance coefficient, and S is the stress, which is positive for tension and negative for compression. With F ʈ ͗100͘, ⌫ 6 and ⌫ 7 of T d become ⌫ 6 and ⌫ 7 of D 2d , respectively, while ⌫ 8 reduces to ⌫ 6 and ⌫ 7 with an energy separation ⌬ 100 Ј ϭ2bЈ(s 11 Ϫs 12 )S, where bЈ is another deformation constant 8 and s 11 and s 12 are elastic constants. Since the initial developments [17] [18] [19] [20] of the theory of shallow acceptors in semiconductors, the treatment was significantly simplified by Baldereschi and Lipari, 21 who introduced a formalism by which the acceptor Hamiltonian could be separated into two parts, one with full spherical symmetry and the other with cubic symmetry. For almost all semiconductors, including Ge, the valence band parameters are such that the latter part is very much smaller than the former, permitting the cubic part to be treated as a perturbation. The cubic term reduces the symmetry from that of the full rotation group to Ō h , 16 the symmetry of the intrinsic material.
Where convenient below, the notation based on Ō h will be used for the unperturbed states since the retention of the parity labels makes it less cumbersome to be explicit. For example, the ground state of Zn Ϫ is of ⌫ 8 symmetry under T d , the true site symmetry, while it is designated as ⌫ 8 ϩ under Ō h ; the excited states of the G and D lines are also of ⌫ 8 symmetry under T d but designated as ⌫ 8 Ϫ under Ō h . An integer is prefixed to the labels starting with 1 for the lowest energy state of a given symmetry. Thus, the unperturbed s-like ground state has the label 1⌫ 8 ϩ and higher-lying s-like states bear the labels 2⌫ 8 ϩ , 3⌫ 8 ϩ , etc., whereas the oddparity ⌫ 8 excited states are 1⌫ 8 Ϫ , 2⌫ 8 Ϫ , etc., and so on. This labeling unambiguously distinguishes the unperturbed state from which a stress-induced state has emerged, while retaining the notation used in the group-theoretical treatment. 8 
II. EXPERIMENTAL PROCEDURES
The Ge samples were cut from single-crystal ingots deliberately double-doped with Sb and Zn to produce various con-centrations of Zn Ϫ acceptors. 9, 10 Uniaxial compressive forces were applied using either lead weights or a calibrated pressure head; the lower stresses were obtained with lead masses р60 kg. The low-temperature quantitative stress cryostat and sample-mounting procedure have been described elsewhere. 10, 22 Absorption spectra were obtained using a BOMEM DA 3.26 Fourier transform infrared spectrometer. Liquid helium was used as coolant. All spectra shown were observed with a mirror travel of 2.5 cm, i.e., an unapodized resolution of ϳ0.15 cm Ϫ1 . Where the spectral features were broader than this, smoothing was sometimes carried out to improve the signal-noise-ratio of the data. Cooled mercury cadmium telluride detectors were used. The radiation was linearly polarized with a gold-wire grid evaporated onto either a ZnSe or a polyethylene substrate.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Unperturbed spectra
p 3Õ2 series
The unperturbed p 3/2 absorption spectrum of Ge͑Zn Ϫ ͒ is shown in Fig. 1 . The broad feature labeled L is a Ge lattice absorption band. The inset to Fig. 1 shows enlarged the features of the line conventionally labeled C for acceptors in Ge. 1, 4 In addition to a strong central line there are three weak but identifiable shoulders evident, similar to those of Fig. 1 of BF76 ͑where convenient, Ref. 10 will be referred to as BF76͒. The four closely spaced transitions are labeled C (1) , C (2) , C (3) , and C (4) , in order of increasing energy. A similar set of C lines was observed for a sample with slightly higher Zn Ϫ concentration cut from a different ingot. 12 The transition energies of the four C lines have been obtained from a leastsquares curve-fitting algorithm using Lorentzian line shapes 23 and are given in Table I . The energies of C (1) , C (2) , and C (4) agree with those reported in BF76 for CЈ, C, and CЉ, respectively. The transition labeled C (3) has not been observed before. Theoretical calculations predict that for group III ͑Refs. 24, 25͒ and Zn Ϫ impurities, 26 the three states 1⌫ 7 Ϫ , 3⌫ 8 Ϫ , and 3⌫ 8 ϩ , are very close in energy. The scaling factor between energy states of Zn Ϫ and group III impurities in Ge is ϳ4.2, 10,12 so it might be expected that these states are sufficiently separated for Zn Ϫ that transitions to them can be resolved. The features C (1) and C (2) have been identified previously as having 3⌫ 8 Ϫ and 1⌫ 7 Ϫ , respectively, as their final states. 12 The piezospectroscopic data given below indicate that C (1) has 3⌫ 8 ϩ as its excited state while the final state of C (2) is the combination 1⌫ 7 Ϫ ϩ3⌫ 8 Ϫ . Calculations 26 suggest that 4⌫ 8 ϩ is the excited state of C (3) . The sample that yielded the spectrum of Fig. 1 was used to obtain Fig. 3 of BF76. This latter spectrum displays a very weak G line obtained by averaging a number of scans of the grating spectrometer used. In the present instance this very weak feature was not observed. All acceptors in Ge exhibit similar spectra. 4 The dominant lines are C and D with the G line being more than an order of magnitude weaker. For singly ionized acceptors Stark broadening is unavoidable and is known to become larger as the orbital of the excited state involved becomes larger. 4 The G line, a transition to the first excited state, should be the least affected and thus its absence is not attributed to this. A sample with ϳ4 times the Zn Ϫ concentration of that of Fig. 1 exhibited a G line and also an E line. The energy of the former is given in Table I . The energies of the G and E lines are indicated in Fig. 1. 
Fano series
The Fano series associated with the bound-hole transitions is also shown in Fig. 1 ; this series has been shifted down in energy by the energy of the zone-center optical phonon to illustrate its correlation with the p 3/2 spectrum. Figure  2 shows the Fano resonances of three other samples. The Zn Ϫ spectrum was used to gauge the relative concentrations of Zn Ϫ in these three samples. Figure 3 shows the behavior of some of the lines of the p 3/2 series for F ʈ ͗111͘. Data for E ʈ are shown as the dashed curve; data for E Ќ are the full curve. This figure may be compared with Fig. 5 of BF76. The component C 4 Ј (1) was not reported in the previous work although examination of unpublished data reveals a hump and a shoulder on the low-energy side of C 5 ͑here relabeled C 5 (2) ) for E ʈ and E Ќ , respectively. It is conjectured that in the previous work, even though the resolution was sufficient to separate C 4 Ј (1) and C 5 (2) for E ʈ , small fluctuations in the gas pressure providing the stress may have broadened the lines. Spectra obtained at other stresses are also very similar to those observed previously. Figure 4 shows the stress dependence of the energies of components of lines G, D, and C. The subscripts given on the labels are those of BF76 except for C 4 Ј (1) . Results for lines a and B are not shown as they are identical to those reported earlier. For the C lines, the superscript identifies the parent C line; the assignments will be discussed later. In Fig.  4 , the full curves are the results of least-squares fits and the data of BF76 have been included for the G line. The leastsquares fits to all the data have been used to determine the zero-stress values. Because of the linear nature of the dependence of G 3 on stress, its intercept ͑see fits, the components D 2 and D 4 , whose stress dependences are almost linear, yield intercepts that are the same as the unperturbed value, within experimental error. Thus it would appear that the force produced by the weights is all transmitted to the sample and hence the zero-stress value is also included in the least-squares fits as shown in Fig. 4 .
The D line at low stress yields two components for E ʈ , the extreme energy components D 1 and D 4 . At low stress only two components are observed for E Ќ , whereas three are allowed. 8 At higher stress the higher-energy component for E Ќ separates into two components as repulsion increases between sublevels of the final states of the D and G lines. 10 Thus at low stress the high-energy component for E Ќ consists of two unresolved transitions, D 3 and D 4 . From Fig. 4 , it is seen that at high stress the D 4 component is common to both polarizations and thus, from the selection rules, must be the transition ⌫ 4 →⌫ 4 . Hence the order of the substates of both the ground and excited state involved are obtained unambiguously. Application of the selection rules produces the observed disposition of D components. The corresponding energy-level diagram for a stress of 200 MPa is given in Fig.   5 . In this figure, ⌬ 111 Ј designates the splitting of the ground state. 8 Previously, 10, 11 it was demonstrated that the stress enhancement of G 4 is due to interaction between the ⌫ 5ϩ6 sublevels of the final substates of the D and G transitions ͑see Fig. 5͒ ; this is also the origin of the decrease in the intensity of D 3 . ͑The origin of the growth of G 3 requires a more complex explanation͒. 11 The repulsion between these two ⌫ 5ϩ6 states produces the crossings of D 4 by D 3 and D 2 by D 1 and hence the separation of D 3 from D 4 for E Ќ at higher stress. Interaction between the two excited ⌫ 4 substates is expected but is predicted 11 to be significantly smaller than that between the two ⌫ 5ϩ6 states, as is borne out by the almost linear stress dependence of D 2 and D 4 at low stress. This is consistent with the upper sublevel of the excited state of the G line being of ⌫ 5ϩ6 symmetry. 10 This ordering for the final state of the G line is given in Fig. 5 and is the basis for the labeling of the observed G components. The transitions G 1 and G 2 from the upper ground state are not observed, presumably because depopulation of this state is well advanced before stress enhancement occurs. Thus G 3 corresponds to a transition to the ⌫ 4 excited substate and hence its energy should have an almost linear dependence on stress, as is the case. A G 3 component is allowed for E ʈ ; in this work and BF76 there is very little evidence for this transition. For Ga in Ge, the intensity of G 3 (E ʈ ) is almost zero for this orientation of F. 28 Only interactions between the two four-fold manifolds of the two ⌫ 8 Fig. 6 . The straight line drawn through the data is the result of a least-squares fit, including the point at ͑0,0͒, and yields the value of ⌬ 111 Ј for the ground state 1⌫ 8 ϩ , and hence the value of dЈ given in Table III has a nonlinear dependence on S. The stress dependence of the energy difference of G 3 and G 4 is also given in Fig. 6 ; the curve is a quadratic least-squares fit to the data. The behavior is very similar to that obtained for Ga in Ge, 28 but the effects in Ge͑Zn Ϫ ͒ occur at much higher stress, as expected. The value of ⌬ 111 G is the linear term in the fit to the G data in Fig. 6 and gives the value of d G Ј shown in Table III for the 1⌫ 8 Ϫ excited state; this deformation potential constant has not been determined before. For stresses up to ϳ25 MPa, the C line gives rise to two well-defined components for E Ќ and one for E ʈ ͑see Fig. 4͒ . Beyond this stress the higher-energy unpolarized component, C 5 (2) develops the well-resolved low-energy feature C 4 Ј
.
This appears only as a shoulder for E Ќ and disappears at stresses above ϳ100 MPa. The three lowest-energy data points for C 4 Ј (1) shown in Fig. 4 have been obtained by fitting
Lorentzians to the absorption lines and are believed to be less reliable than the others. It will be argued below that this component is not C 4 (2) , which appears at higher stress only for E Ќ , but, again, on the low-energy side of C 5 (2) ͑see Fig.  4͒ . At stresses above ϳ70 MPa, two additional components, C 2 (2) and C 3 (3) , are observed for E Ќ ; C 2 (2) is also observed for E ʈ . Similar details to the above are exhibited in Figs. 4-6 of BF76.
The relative intensities, polarization, and depopulation characteristics of the C components at low stress (S Շ25 MPa) are typical of the behavior of either a (C 3v ) and the transitions ⌫ 5ϩ6 →⌫ 4 (E Ќ ), ⌫ 4 →⌫ 4 (E Ќ ), and ⌫ 4 →⌫ 4 (E ʈ ) have relative intensities 3:1:4, respectively. 8 This strongly supports the argument that the main C line, C (2) , has a ⌫ 7 Ϫ state as part of its final state ͑see Fig. 4 of BF76͒. Consequently, the low-stress C components are labeled C 1 (2) and C 5 (2) ͑see Fig. 5͒ . That these two components stem from C (2) is given further support from the results of linear fits to their energies in the stress range 0-80 MPa, for which only the weights were used. These give intercepts for C 1 (2) and C 5 (2) that are very close to the energy of the C (2) line at zero stress. Linear fits to C 2 (2) and C 3 (3) up to ϳ200 MPa ͑including the data of Fig. 9 of BF76 for C 3 (3) ) unambiguously identify these two components as stemming from C (2) and C (3) , respectively. It remains to justify the identification of the parent lines of C 4 Ј
(1) and C 4 (2) . Since C 1 (2) , C 2 (2) , and C 5 (2) all appear to originate from C (2) , the final state cannot be simply 1⌫ 7 Ϫ .
As the theory places no other ⌫ 6 or ⌫ 7 state near 1⌫ approximately midway between C (1) and C (2) . It is thus as-
is derived from C (1) since another ⌫ 4 →⌫ 4 transition is now permitted whatever the nature of the final state of C (1) . The fit to the stress dependence of the energy of C 4 Ј (1) , shown in Fig. 4 , is a quadratic least-squares fit, omitting the three lowest-energy points but including the energy of C (1) . The component C 4 (2) clearly originates from the lower ground substate, ⌫ 4 , and, since it is only observed for E Ќ , must be a ⌫ 4 →⌫ 5ϩ6 transition, where the ⌫ 5ϩ6 excited state originates from the ⌫ 8 state which is assumed to be coincident with 1⌫ 7 Ϫ . ͑It is not clear if the nature of its polarization can be used to argue that it is not C 4 Ј (1) , which occurs for both polarizations, since the clearly seen stress enhancement of C 4 (2) may affect the intensities differently for the two polarizations.͒ Before completing the discussion of C 4 (2) , it is necessary to return to C 1 (2) and C 5 (2) , whose energy spacing should be
(2) and C 5 (2) as a function of stress is shown in Fig. 6 where it is seen to be larger than that of D 2 and D 4 . It might be that either C 1 (2) or C 5 (2) ͑or both͒ are composed of unresolved components and, since no such ambiguity exists for the D components, the value of ⌬ 111 Ј obtained from the latter can be taken as correct. It might be conjectured that, since the energy spacing of C 1 (2) and C 5 (2) is greater than ⌬ 111 Ј , the ⌫ 5ϩ6 (⌫ 8 ) stress-induced excited substate of C 4 (2) discussed above has an energy initially slightly higher than that of ⌫ 4 (1⌫ 7 Ϫ ). Thus, at lower stress C 5 (2) (E Ќ ) could be a mixture of two transitions. However, the energies of C 5 (2) (E Ќ ) and C 5 (2) (E ʈ ) are found to be the same and no such mixture appears to be possible for the latter. Also, it is difficult to see how C 1 (2) (E Ќ ) can be a compound transition as the transition ⌫ 5ϩ6 (1⌫ 8 ϩ )→⌫ 5ϩ6 (⌫ 8 ) is not allowed for E Ќ . 8 Thus, the reason that the C (2) and D components fail to
give the same value of ⌬ 111 Ј is not understood but the value obtained directly from the D components will be taken as correct.
The stress dependence of the energies of the states involved in the G, D, and C lines is given in Fig. 7 . The equations obtained from fits to the experimental energies have been used to generate this figure, assuming that the energies of the two ground-state substates have a linear behavior and assigning any hydrostatic terms to the excited states. The behavior depicted in Fig. 5 as the states change from their zero-stress energies to those at 200 MPa has been obtained from Fig. 7 . It is seen that the repulsion producing the complex stress dependence of D 3 and C 4 (2) at the larger stresses ͑see Fig. 4͒ appears to be caused by an interaction between ⌫ 5ϩ6 (2⌫ 8 Ϫ ) and the ⌫ 5ϩ6 final state of C 4 (2) . This is presumably the reason why the intensity of D 3 decreases much more rapidly with stress than predicted.
11 This is a large effect, suggesting that the ⌫ 8 state almost coincident with 1⌫ 7 Ϫ is 3⌫ 8 Ϫ ͑as depicted in Fig. 7͒ and not 3⌫ 8 ϩ , since interactions between states of opposite parity are expected to be small. This disagrees with the previous assignment 12 of 3⌫ 8 Ϫ as the final state of C (1) . This coincidence is the same as for the C line of Ga in Ge. 30 In constructing Fig. 7 , interactions between odd-and even-parity states have been taken to be zero; thus states of opposite parity are shown as crossing even if the spatial part has the same symmetry. Such interactions, if they do exist, may be difficult to observe The energies of the C 1 (2) transitions have not been used in the construction of Fig. 7 since it is not clear that C 1 (2) and C 5 (2) have a common excited state; C 5 (2) was used to give the stress dependence of ⌫ 4 (1⌫ 7 Ϫ ). At low stress, ⌫ 5ϩ6 (3⌫ 8 Ϫ )
has an energy that is slightly higher than that of ⌫ 4 (1⌫ 7 Ϫ ).
This follows from the cubic fit made using C (2) and the three data points for its component C 4 (2) ͑see Fig. 4͒ . This provides a state with the correct energy close to ⌫ 4 (1⌫ 7 Ϫ ), which might broaden the C 1 (2) and C 5 (2) components; however, it has been argued above that this cannot be the case. If a fit is made to the more extensive data of Fig. 9 of BF76 for C 4 (2) a similar result is obtained except that ⌫ 5ϩ6 (3⌫ 8 Ϫ ) lies further above ⌫ 4 (1⌫ 7 Ϫ ) at low stress than is shown in Fig. 7 29 values for the corresponding group III states are also included. The signs of the constants are deduced from the ordering of the substates involved in each case. 8 From the considerations above regarding the C lines, the signs of 3⌫ 8 ϩ and 4⌫ 8 ϩ can be found; these are also included in Table III . The signs of the deformation potential constants for Zn Ϫ , where measured, are the same as those for Ga, while the sign of dЈ(3⌫ 8 ϩ ) is opposite to that calculated for the corresponding state of a group III impurity. 29 Even though the final state of the moderately intense B line is almost certainly 4⌫ 8 Ϫ , the stress pattern of this transition is remarkably featureless. This prevents a conclusive identification of the excited state. Figs. 3 and 8 ; preliminary results and the pertinent selection rules have been presented elsewhere. 12, 27 The correlation between the Fano components and the parent p 3/2 components is illustrated in Fig. 3 ; the data for the two series were obtained at slightly different stresses. At 80 MPa the splitting of the phonon for F ʈ ͗111͘ is ϳ0.023 meV, 31 while the shift in its energy is also very small. Qualitatively the behavior of the Fano resonances correlates well with that of the p 3/2 transitions.
b. Fano resonances. The effect of F ʈ ͗111͘ on the Fano resonances is shown in
Before commenting on the detailed behavior of the components of the resonances, it is necessary to establish their quantitative evolution. Because of the broadness of these features, this is somewhat difficult when several components overlap, as is usually the case. A method has been described previously 14 by which the parameters of an isolated resonance may be determined; this will be called the ''straightline'' ͑l͒ method. This is successful in analyzing unperturbed features but is of limited use in analyzing stress-split resonances. The dominant feature of a highly asymmetric resonance is its maximum, or peak ͑p͒. The dependence of p on stress can be more readily determined than that of h 0 ͑the value of h at ϭ0), 13 except for isolated components, such as the high-energy component of
, it is possible to follow the stress dependence of both h 0 and p; the . It is seen that a given peak has a stress dependence that is close to that of the corresponding h 0 . This is to be expected if the value of q is independent of stress since the peak occurs at ϭ1/q. The straight lines drawn through the data for the components of where S is in MPa. Thus, the stress dependence of the energy of these asymmetric components is reasonably well represented by the behavior of their peaks.
In the above two examples, the stress dependence of the energies of the Fano components has been assumed to be linear; however, the behavior of the parent D components, particularly D 1 and D 3 , is not linear. Each observed Fano feature is a mixture of several components involving the phonons and the parent line. The manner in which the latter behaves is shown in Fig. 4 ; for comparison, this behavior is included in Fig. 9 . If the energies of D 3ϩ4 and D 4 are averaged and a linear fit made, the slope is 0.0129 meV/MPa, which is in good agreement with the corresponding Fano data. Similarly, the slope of the line fitted to the average of D 1 and D 2 is Ϫ0.0064 meV/MPa, which is close to the Fano results obtained from both the l and p methods.
The behavior of G F for F ʈ ͗111͘ is significantly different from that of D F . At low stress, for E Ќ , the resonance shifts to lower energies and is labeled G 1ϩ2 F (Ќ). At Sտ30 MPa, this component is no longer observed. For Sտ40 MPa, two antiresonances appear at energies higher than G F at zero stress ͑see Figs. 3 and 8͒ and are labeled G 3 F (Ќ) and G 4 F (Ќ) ͑see below͒. It was not possible to determine precisely the stress at which these two antiresonances appear due to the presence of the interference fringes. There appears to be evidence of the two antiresonances at ϳ39 MPa while at ϳ46 MPa there is no doubt of their presence ͑see Fig. 3͒ . For E ʈ , two resonances appear at the lowest stress used, one lower in energy than the zero-stress resonance and the other higher; the latter is labeled G 4 F ( ʈ ). As stress increases, the lowerenergy resonance disappears ͑see Fig. 8͒ while another one, G 3 F ( ʈ ), appears at a higher energy than the unperturbed resonance ͑see Figs. 3 and 8͒ . The latter component also seems to appear at ϳ39 MPa and to be an antiresonance, similar to the E Ќ components. The higher-energy component, G 4 F ( ʈ ), observed for E ʈ at all stresses does not appear to be an antiresonance and has a shape suggesting qϽ0 and so of opposite sign to the q of the unperturbed resonance.
In order to obtain quantitative information about the components of G F , it is necessary to consider their shapes. If ͉q͉Ͼ1, the peak of the resonance is the sharper feature; if ͉q͉ϭ1, the maximum and minimum are equally sharp; if ͉q͉Ͻ1 the minimum will be the sharper; if qϭ0 ͑a pure antiresonance͒ the only feature is the minimum that coincides with ϭ0 and thus h min ϭh 0 . All G F components appear to fall into the last two categories. Thus energies of their minima will be used to demonstrate their stress dependence. The results are given in Fig. 10 along with the behavior of the observed components of the parent G line. There are two zero-stress data points shown for G F . The one of greater energy is h 0 ͑see Table II͒, while the other is h min , which is 0.18 meV lower in energy than h 0 .
First, from Fig. 10 , it is noted that the data points for G 3
F
for both E ʈ and E Ќ coincide at all stresses. This implies that q for this component is the same in both polarizations and, in particular, if one is a pure antiresonance so is the other. If a linear fit is made to the data for G 3 F for both polarizations without including the zero-stress value of h min , the intercept is close to the unperturbed value of h min . If the latter value is included the fit is even better. The dependence of G 3 F on S is ϳ3/4 that of G 3 ; it is tentatively concluded that G 3 is the parent of G 3 F . Secondly, it is found that the data for G 4 F (E Ќ ) follow much more closely those of G 4 than do those 
of G 4
F (E ʈ ); the latter has a much larger quadratic term than either of the other two. The energy difference of G 3 F (E ʈ ,E Ќ ) and G 4 F (E Ќ ) is plotted in Fig. 6 , from which it is seen that there is a close correspondence with the data for the difference in energy of G 3 and G 4 . Within experimental error, the linear part of the fit to the former difference is the same as that obtained for the latter. Thirdly, the energy spacing at low stress between G 2 F (E ʈ ) and G 4 F (E Ќ ) is very close in value to ⌬ 111 Ј , implying that G 2 F (E ʈ ) has G 2 as its parent. The origin of the broad low-energy component for E Ќ is not clear but, since it lies between G 2 F and the energy at which G 1 F is predicted to occur, it could be the two unresolved components G 1 F (E Ќ ) and G 2 F (E Ќ ); this is the basis of the label in Fig. 10 . These low-energy components are not observed as the stress increases because of depopulation effects.
Finally, it would appear that G 4 F (E ʈ ) has G 4 as its parent transition. If the above considerations for G 4 F (E Ќ ) are correct and it is a pure antiresonance then its h min must coincide with its h 0 . Since the energy of the minimum of G 4 F (E ʈ ) is larger than that of G 4 F (E Ќ ) then qϽ0 for the former, and the value of h min ϭh 0 for G 4 F (E Ќ ) will determine the value of h 0 for G 4 F (E ʈ ). Since the energy of the minimum of G 4 F (E ʈ ) varies nonlinearly with S, q for this component must vary with stress. It remains to determine why G 4 F (E ʈ ) behaves differently from the other observed G F components; it might be noted that the parent component, G 4 (E ʈ ), is forbidden in the p 3/2 series. It is conjectured that the mixing between the bound stress-induced substates, which produces the stress enhancement of the parent G components, leads to the variation observed. However, the consequence of this on D 3 is just as dramatic and yet D 3ϩ4 F does not appear to be affected, although the data are more difficult to analyze because of the superposition of the two D components. There is not a very large mixing effect for the final state of G 3 and thus the value of q for G 3 F would not be expected to vary very much from this cause. On the other hand, if qϭ0 for G 3 F at all stresses, mixing would produce no effect.
Applied force along a ͗100͘ axis
a. p 3/2 spectrum. The behavior of the p 3/2 transitions for a compressive force along ͗100͘ is illustrated in Fig. 11 . The results are almost identical to those of BF76 except that for stresses у40 MPa, the D 2 and D 3 components for E Ќ are distinguished more clearly. The intensity of the D 2 component decreases with increasing stress as a result of depopulation of the upper stress-induced ground state, and as a consequence can be detected over only a limited range of stress. Since the D components were not well resolved, a Lorentzian curve-fitting program was used to obtain their energies. The C components are labeled according to the scheme described for F ʈ ͗111͘. See Fig. 12 which shows the stress dependence of all but the G transitions. The stress-induced G components, G 3 and G 4 , start to appear at a stress of ϳ45 MPa and their intensities increase with stress, but not as dramatically as for F ʈ ͗111͘. The calculations by Buczko 29 for group III impurities yield the same sign of bЈ for the final states of the D and G lines and thus predict that stressinduced states of the same symmetry are not adjacent to each other, unlike the case for F ʈ ͗111͘; this is presumably the reason for the observed smaller stress enhancement of the G components for F ʈ ͗100͘. The results given in Fig. 12 are much more detailed than those of BF76 over the same range of stress and permit a much better opportunity to follow the evolution of the C components. For this to be carried out as effectively as possible, the ground-state splitting must be obtained independently of the C lines. The splitting of the D line provides the only means for doing this. There is no ambiguity about the origin of the D components. The transition 1⌫ 8 ϩ →2⌫ 8 Ϫ splits into four components, two of which are allowed in both polarizations while the other two are only permitted for E Ќ . It has been observed previously Linear fits to the data for D 1 and D 4 , without the inclusion of the zero-stress energy, yield intercepts that agree with the latter within experimental error. From these results it is clear that, for any of the data shown in Fig. 12 , when a linear fit is made to a component whose parent line is unambiguous, the zero-stress energy of the parent can be included, and that when the energy difference between two such components is being considered the point ͑0, 0͒ can be included in the fit. A linear fit to the energy difference of D 1 These values of ⌬ 100 Ј and ⌬ 100 D are ϳ4% and ϳ8% smaller, respectively, than those of BF76.
The spectrum of the C lines for F ʈ ͗100͘ is richer than that for F ʈ ͗111͘ and resembles that for Ga in Ge. 30 A linear fit to the data of Fig. 12 for C (4) without including the zero-stress value gives an intercept identical, within experimental error, to the zero-stress value. This clearly identifies the parent line of this component and thus the linear fit to C (4) shown in Fig. 12 includes the zero-stress value. In what follows, it is assumed that each C component has a linear dependence on stress. This assumption is well borne out in all cases, provided it is recognized that the two data points labeled C 5 (2) ϩC 7 (2) , occurring at ϳ11 and 16 MPa, are composed of two unresolved components ͑as implied by the label͒ and the energies of C 5 (2) and C 7 (2) at 21 MPa have been obtained by curve fitting. At the smaller stress, the energy of the compound component C 5 (2) ϩC 7 (2) approaches that of C 5 (2) , indicating that it is the more intense component.
Linear fits to all components, omitting zero-stress values, give intercepts that clearly identify the parent lines in each case except for C 3 (1) . Considerations to be given later indicate that C (1) is the parent line of C 3 (1) . The zero-stress energy is now included in the linear fit to each component resulting in the straight-line fits shown in Fig. 12 . If the energy spacings between each C component and those of higher energy are determined it is found that three pairs have values that are the same as or close to the value of ⌬ 100 Ј determined from the D components. These pairs are C 1 (1) and 2) and C 5 (2) , and C 4 (2) and C 7 (2) . The data points at 21 MPa have been omitted for the pair (C 4 (2) ,C 7 (2) ). Of the C 2 (2) components, only those for E ʈ were used since they are much more clearly defined than those for E Ќ . The values obtained for ⌬ 100 Ј from the C and D components are in excellent agreement. Deformation potential constants thus obtained are given in Table III. These results indicate the transitions with common final states. The energies and stress dependence of the intensities of the extreme components are an indication of the groundstate sublevel involved. Together with the fits to the energies of the components and their polarizations, it is possible to construct an energy-level diagram that accounts for essentially all the observed transitions. This is given to scale in Fig. 13 for Sϭ50 MPa with the ordering of the ground-state sublevels taken to be that predicted theoretically. 29 The value of bЈ for 3⌫ 8 Ϫ and the signs of bЈ(3⌫ 8 ϩ ) and bЈ(4⌫ 8 ϩ ) have been determined on the basis of this construction and are included in Table III. The construction of Fig. 13 will be discussed. First, since at least four distinct components are attributed to C (2) and their energies and polarizations are not compatible with either a single ⌫ 7 state or a single ⌫ 8 state as the parent excited state, it is concluded that the two states 1⌫ 7 Ϫ and 3⌫ 8 Ϫ together form this final state. The choice of 3⌫ 8 Ϫ rather than 3⌫ 8 ϩ is based on the observation that most of the total intensity of the components is invested in those attributed to C (2) and it might be expected that the matrix elements would be significantly smaller for transitions to 3⌫ 8 ϩ than to 3⌫ 8 Ϫ , noting that very little mixing occurs for this direction of F. Secondly, the component C 4 (2) has been demonstrated to arise from the upper ground state and yet its intensity shows very little variation with stress. Thus it is concluded that this component is the superposition of two transitions, one from the upper ground state and another of almost the same energy from the lower ground state. If this is so, this is the only transition observed to ⌫ 6 (3⌫ 8 Ϫ ) and requires the 3⌫ 8 Ϫ state to have the same deformation potential constant as the ground state. Thirdly, the previous results indicate that C 6 (3) also appears for E ʈ ͑see Fig. 13 24 that for group III impurities the intensity of the transition to 1⌫ 7 Ϫ will be significantly stronger than that to 3⌫ 8 Ϫ and, thus, at very low stress, the former should provide most of the intensity of the stress components. If this argument can be sustained, then the ordering of the groundstate sublevels is determined immediately. However, in this context, the growth of the intensity of C 7 (2) needs to be understood.
The deductions regarding the nature of the components and excited states of C (1) , C (2) , and C (3) proposed in Fig. 13 have been made without reference to the interpretation given elsewhere 30 for the C line of Ga in Ge. However, there are clear correspondences between the stress-induced spectra of the two impurities. A comparison between the spectra shows that essentially all the components for E ʈ ''freeze out'' at high stress leaving the dominant high-energy E Ќ components, while at low stress there is one main component for E ʈ . The accidentally superimposed transitions proposed here that comprise C 4 (2) are well separated in the Ga spectra and their intensities exhibit a behavior which, when combined, would give that observed for C 4 (2) b. Fano resonances. The piezospectra of the Fano resonances under a ͗100͘ compression are presented in Fig. 11 , which shows the correlation between the Fano series and the p 3/2 series. The behavior of the Fano spectra only at a lower stress is given in Fig. 14 If the spectra for the two polarizations are combined, they indicate qualitatively that the splitting of D F follows that of the parent D line. While allowed by the selection rules, 27 it is interesting to observe how strong the D 1 F and D 4 F components are for E ʈ , since the parent bound-hole to bound-hole transitions are strictly forbidden. Also interesting is the decrease in intensity with increasing stress of D 2ϩ3 F for E Ќ . This is not the case for the supposedly same compound component for E ʈ . This might suggest that for E Ќ the component is mainly composed of D 2 F , whose intensity will diminish with increasing stress due to depopulation of the upper ground state, an effect clearly observed for D 1 F (E ʈ ). However, this conjecture is difficult to reconcile with the energy dependence of D 2ϩ3
F (E Ќ ) given in Fig. 15 , where it is seen that the energy of the peak of this Fano component follows that of D 3 and not D 2 .
From Fig. 15 , it is seen that D 1 F (E ʈ ) has approximately the same stress dependence as D 1 . The component D 1 F (E Ќ ) is very weak, making it difficult to separate it from the small interference fringes which were present in all the results of this set. The stress dependence of D 4 F , which appears to be the same for both polarizations, is very interesting. The energy of the peak of this component follows the stress dependence of D 4 but extrapolates at zero stress to an intercept that is greater than h 0 (D F ) ͑see Fig. 15͒ ; this is not understood.
The G F components for E ʈ are weak and difficult to separate from the interference fringes for stresses above ϳ30 MPa. At lower stresses there is one component whose minimum is at lower energy than, and extrapolates to, the zerostress minimum. There is one G F component for E Ќ ; this is relatively strong but, again, because of the superimposed fringe pattern and the changing background absorption, it is difficult to determine its shape. The energy of the minimum of this component increases linearly with stress and, like D 4 F , extrapolates to a zero-stress value that is higher in energy than h 0 . Because of the lack of data for the behavior of the parent G components at the low stresses involved, it is not possible to identify with which of the latter the former is associated. Analysis of the C F components is also difficult; these components are very broad, presumably because of the number of overlapping components arising from the parent C line.
As is the case for F ʈ ͗111͘, the energy of the zone-center optical phonons is known to split and shift but, again, these effects are small at the stresses used here. For example, for F ʈ ͗100͘ at 200 MPa a splitting of only 0.02 meV occurs. 31 The width of the Fano components makes such a small splitting unobservable at the stresses used.
IV. CONCLUSION
A state-of-the-art spectrometer has permitted more detailed and accurate p 3/2 absorption spectra of Ge͑Zn Ϫ ͒ to be obtained than previously. The results on the piezospectroscopic behavior for the G and D transitions of the p 3/2 series are in excellent agreement with those reported previously. The origin of the complex, closely spaced C transitions has been partly clarified by examining their stress behavior. The first three lines of the C complex, C (1) , C (2) , and C (3) , have the final states 3⌫ 8 ϩ , 1⌫ 7 Ϫ ϩ3⌫ 8 Ϫ , and 4⌫ 8 ϩ , respectively, in reasonable agreement with theory. More reliable deformation potential constants of some energy states have been obtained by analyzing well-defined spectral components. The Fano resonances of Ge͑Zn Ϫ ͒ show typical Fano line shapes. These piezospectroscopic observations of Fano resonances of acceptors in Ge reveal that the resonant states exhibit behavior similar to that of their parent transitions in the p 3/2 series, although some interesting anomalies remain unexplained. The phonon splittings due to stress are too small to be determined from the behavior of the Fano stress components in the experiments reported here. The selection rules for p 3/2 transitions are greatly relaxed for the phonon-assisted Fano features, resulting in the observation of several striking phenomena; for example, the observed intensities of some of the stress-induced Fano components whose parent components are strictly forbidden. Another interesting effect is the way in which the resonance shape changes for the components of G F , particularly for F ʈ ͗111͘.
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